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Abstract

A multi-body flight simulation for the Mars Smart Lan-
der has been developed that includes six degree-of-

freedom rigid-body models for both the supersonically-
deployed and subsonically-deployed parachutes. This

simulation is designed to be incorporated into a larger
simulation of the entire entry, descent and landing

(EDL) sequence. The complete end-to-end simulation

will provide attitude history predictions of all bodies
throughout the flight as well as loads on each of the

connecting lines. Other issues such as recontact with
jettisoned elements (heat shield, back shield, parachute
mortar covers, etc.), design of parachute and attachment

points, and desirable line properties can also be ad-

dressed readily using this simulation.

Introduction

A multi-body flight simulation for the Mars
Smart Lander has been developed that includes high

fidelity models for both the supersonically-deployed

and subsonically-deployed parachutes. While parachute
models are necessary for simulation of all Mars
Landers, the Mars Smart Lander will have a capability,

namely active, autonomous, on-board Hazard Detection
and Avoidance (HDA) that makes the inclusion of these

models even more imperative. None of the Mars
Landers to date have had an active on-board HDA sys-
tem. This HDA function for these earlier landers has

been served by a combination of restricting the landing

to "safe" sites as judged by the Mars Project Office and
by "robust" lander design. Restriction of landing site

places limitations on the scientific objectives that can
be achieved, while robust lander design commits a large

amount of mass to components which provide no added
value to the mission. The Mars Smart Lander will in-

clude an active HDA designed to insure a safe touch-
down even in hazardous terrain, thus allowing safe

landings in areas that would be considered too danger-
ous for missions to date. The hazards to be avoided

include rocks, craters, and large sloping terrain. The
HDA system is currently envisioned to be composed of
lidar and radar elements that map the local terrain and

determine the location of safe landing zones. The in-

formation gathered from the sensors would be provided

to the on-board guidance algorithm, which would mod-

ify the target point to avoid the detected hazards. To

accurately model this HDA capability requires an accu-
rate end-to-end simulation of the entire entry, descent

and landing (EDL) sequence. Flight simulation of

spacecraft with parachutes is mathematically compli-
cated and not easily characterized with traditional ap-

proaches. It involves multiple bodies, some of which
are very flexible, flying in close proximity with signifi-
cant interaction effects. In previous Mars Lander mis-

sions, a separate simulation was developed for the para-

chute portion of flight, independent of the other por-
tions of the EDL, because the dynamics are so different

from the rest of the entry. This was the approach fol-
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Figure 1: Mars Smart Lander entry configura-

lowed for Mars Pathfinder and Mars Polar Lander. The

Mars Pathfinder and Mars Polar Lander parachute



simulationsweredoneinADAMS[1].ADAMSisa
commercial-off-the-shelfprogramthatisusedtosimu-
latethemotionsofmultiplerigidbodies.ADAMSwas
tailoredforparachutesimulationforMarsPathfinder,
andusedbytheMarsPolarLanderproject.However,
thisexclusiveuseofADAMSformodelingthespace-
craftwhileontheparachutesisnotdesirableforthe
MarsSmartLander,astheresultsfromtheHDAsys-
teminteractswiththeguidancecommands.Thusit was
decidedtodevelopanEnd-to-EndMarsSmartLander
simulationthatincludedparachutedynamics.

Thegoalofthisworkistodevelopamultibodysimula-
tionofflightunderaparachutethatcaneasilybeincor-
poratedintoalargersimulationoftheentireentry,de-
scentandlanding(EDL)sequence.Inthisworkthe
parachuteistreatedasrigidbody,withtheinteraction
forcesbetweentheparachuteandotherrigidbodies
included.A similartreatmentwasusedtosimulateVi-
kingdrop-testflights[2,3].Thiswillprovidethecapa-
bilitytocreateanend-to-endsimulationfromthelast
trajectorycorrectionmaneuverbeforeatmosphericen-
trydowntotouchdown.Thissimulationwillprovide
theattitudehistorypredictionsofallbodiesthroughout
theflight,whichisrequiredtomodeltheperformance
oftheHDAsubsystem.Otherissuessuchasrecontact
withjettisonedelements(heatshield,backshield,para-
chutemortarcovers,etc.),designofparachuteandat-
tachmentpoints,anddesirablelinepropertiescanalso
beaddressedreadilyusingthissimulation.

Mission Description

The 2009 Smart Lander mission to Mars described in

this report performs a direct entry at Mars. The vehicle
slows itself through atmospheric drag until about Mach

2.2, at which point a supersonic parachute similar to
that used for Viking and Pathfinder is deployed. The

geometry of the lander with a supersonic parachute
deployed is shown in figure 1. When the vehicle is fur-
ther slowed to Mach 0.8, a subsonic parachute is

opened. At the time the subsonic parachute is opened,
the supersonic parachute is jettisoned, taking the vehi-
cle backshell with it. After the subsonic parachute is

fully deployed, the lander heatshield is jettisoned. The
lander descends until its altitude is between 800 and

500 meters. At an altitude determined by the onboard

guidance, the lander separates from the subsonic para-
chute and descends to the surface under power of its

main descent engines.

Approach
The underlying simulation used for the Mars Smart
Lander is the Program to Optimize Simulated Trajecto-
ries II (POST II). POST II is the latest major upgrade to

POST [4]. POST was originally developed for the

Space Shuttle program to optimize ascent and entry

trajectories. Over the years it has been upgraded and
improved to include many new capabilities. POST II
relies on most of the technical elements established by

POST, but the executive structure has been reworked to

take advantage of today's faster computers. The new
executive routines allow POST II to simulate multiple

bodies simultaneously, and to mix three degree of free-

dom (3DOF) bodies with six degree of freedom (6DOF)

bodies in a single simulation. The multiple body capa-

bility allows POST II to simulate parachutes. This is
done as follows. The lines connecting the spacecraft

and the parachutes are modeled as massless spring-
dampers. The springs can be attached at any point on
the body. No moments are applied except those due to

force application away from the center of mass. Each
line connects an attachment point on one body to an

attachment point on another body and provides a ten-

sion-only force. When the lines are stretched, tension in
the lines is determined as a function of strain and strain

rate. The spring force may be linearly proportional to
strain and the damping force is proportional to the

strain rate or may be a more complicated nonlinear rela-
tionship. In the nonlinear technique, the line forces are

not linearly proportional to the strain and the strain rate.
The spring stiffness and damping coefficients are pro-

vided by the user as functions of strain and strain rate.
In this nonlinear model, the coefficients tend to be

smaller at lower strains. Each of the spring-damper

lines has an unstretched length and if the separation
distance between the two attach-points is less than the

unstretched length, the line tension is zero.

For the results shown in this report, damping and stiff-
ness were both assumed to be linear. For the vertical

risers, both subsonic and supersonic, the stiffness used
was 60000 N/m while for the bridle lines the stiffness

was 47000 N/m. The damping in the vertical risers was
600 N/m/sec, while the damping in the bridles was 470
N/m/sec.

In order to accurately target a selected site and to insure

that the parachute is deployed within its structural lim-
its, onboard guidance and control systems are used.

These guidance and control systems were modeled in
the simulation. The guidance system used is one based
on a calculus of variations approach and is similar to

the Apollo Earth-Return Terminal guidance. The guid-
ance algorithm is described in detail in [5]. The control

system used is a phase-plane controller with each of the
three axes controlled independently. The phase-plane
controller is described in [6].

Model Validation
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InordertovalidatethemultibodycapabilityofPOSTII
withinteractingforces,aseriesofmorethan35testsof
increasingcomplexitywereperformed.Thesetests
wereintendedtoprovethatthePOSTII modelisim-
plementedcorrectlybyevaluatingitsperformanceon
problemsthatcouldbeverifiedbyothermeans.The
testcasesstartedwithasimpleverticaldropfromrest
ofthefullydeployedparachuteandentrybodyand
graduallyincreasedincomplexitytoincludeparachute
opening,non-zeroinitialconditions,linedeployment
andothereffects.ThePOSTII modelwascomparedto
bothMATLAB-basedandADAMS-basedmulti-
degree-of-freedomsimulations.Ineachcasetheagree-
mentbetweenthesimulationswasexcellent.Thesetests
havevalidatedthegeneralparachutemodelwithin
POSTII. Someofthevalidationworkisreportedmore
fullyin[7]

Results

After completion of the validation phase, the specific

parachute configuration of the Mars Smart Lander has
been incorporated into the simulation. This case begins

60 seconds prior to atmospheric entry. Atmospheric
entry is assumed to occur at a radius of 3522.2 kin. The
initial velocity is 5.65 km/s and the initial flight path

angle is -15.73 degrees, leading to an entry flight path

of-12.13 degrees. When the vehicle is slowed to Mach
2.2 (approximately 480 m/s), the parachute is ejected

from the back of the spacecraft by a mortar with a ve-
locity relative to the spacecraft of 36.576 m/s. The

parachute is held by a bag (assumed massless) until the

Smart Lander Entry Parachute Phase

++-:
,0............E ...........i............:..............i.............i............

"¢ +...... ;_i ....... ...... " i ....

•_ f : :

7 .......... t " I ........... : ............. : ............ ? ............ _ .............

< +..... ii.......... i ...... i....

4 4

3 - _ _ i .... i .... Lar_der and subsonic Parachute
I ' i i / ..... Backsh ........ p .... icP ......

2 1 i i _ I I -
0 50 100 150 200 250 300

Relative Velocity (m/s)

Figure 3: Mars Smart Lander entry trajectory

(Detail)

shows a detail of the final part of the altitude velocity
curve. The subsonic parachute is deployed at Mach 0.8

(about 200 m/s) and the backshell and supersonic para-

chute separate from the lander and subsonic parachute.
The backshell impacts the ground at about 40 m/s. The
current simulation ends when the lander reaches 500 m

AGL (3000m above the reference ellipsoid), as that is
the lowest altitude at which the guidance algorithm will

command separation from the subsonic parachute. Fig-
ure 4 shows the line tension for 4 of the connecting
lines as a function of time. The supersonic parachute

deploys about 388 seconds after atmospheric entry
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Figure 2: Mars Smart Lander entry trajec-

tory

lines connecting the parachute to the vehicle become

taut, at which point, the bag is discarded and the para-
chute begins to inflate. It is assumed that the inflation
profile is a function of time only. Figure 2 shows the

entry altitude as a function of velocity and figure 3
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Figure 4: Mars Smart Lander entry
Parachute line Loads

while the subsonic parachute deploys about 409 sec-

onds after entry. In each case the bridle loads are about
1/3 of the vertical riser loads, since there are three bri-
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Figure 5: Parachute line Loads compared to

Drag force

die lines in parallel for each of the vertical risers.

Figure 5 is a detail from figure 4 showing the initial
loads on the supersonic parachute vertical riser line.
Also shown is the drag on the supersonic parachute.
The force on the vertical riser is the summation of the

parachute drag force and the inertial forces. In this fig-
ure, the first peak (snatch load) is due primarily to iner-
tial forces, as the ejected parachute reaches the end of

Smart Lander Entry Parachute Phase

__,o .. ! .....i ......[
_ 5...........i..........._..........i..........
b

o..........................

._..5 ....... i

_,-io _-.........! ...........i............!..........
o

-15

LL1-20 t
100 200

• i i

300 400 500 600700

]]rne (sec)

Figure 6: Entry Vehicle/Backshell Angle of
Attack

its line and rebounds, while the second, larger, peak is

due primarily to drag on the parachute (opening load).
After the second peak, the drag force reduces as the
vehicle slows and the dynamic pressure drops off.

The angle of attack of the entry vehicle and later the
backshell is shown in figure 6. During the entry portion

of flight before the parachute is deployed, the angle of
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Attack

attack is constrained by the control system to remain

near its trim angle of attack of about -15 degrees. After

the parachute is opened the aerodynamics of the vehi-
cle-parachute combination is dominated by the para-
chute. The angle of attack of the entry body/backshell is
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Figure 8: Subsonic Parachute Angle of At-
tack

determined by the dynamics of the parachute-lander
system. Figures 7 and 8 shows the angle of attack for

the two parachutes. The supersonic parachute is seen to
oscillate with an amplitude of about five degrees while
the subsonic parachute quickly settles to a constant an-

gle of attack. The oscillation of the supersonic para-
chute may be due to the smaller load it carries. After
about 409 seconds the supersonic parachute only sup-
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portsthebackshell.

ThedistancebetweentheLanderand the Backshell is

Smart Lander Entry Parachute Phase
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Figure 9: Separation distance between Lan-
der and Backshell

;hown in figure 9. This shows that the two bodies sepa-
rate, move toward each other and separate again more

permanently. In this case recontact between the pieces
was not an issue, but a more detailed analysis is rec-
ommended to address all recontact issues.

Conclusions

A multiple rigid-body parachute simulation
model for the Mars Smart Lander entry phase has been

developed. The model includes dynamics caused by
interacting lines in a way that is easily incorporated into
an end-to-end simulation of the entry phase. The model
has been used to examine a nominal trajectory from

entry until the lander drops from the subsonic para-
chute. The loads on each of the lines connecting the
various bodies were calculated and found to be less

than 120 kN for each line. It was seen that the line loads

closely followed the parachute drag force, as expected.
The main difference between the line load and the para-

chute drag was due to inertial loads as the parachute

was deployed. The attitude of each body was computed
and seen to be reasonable for this vehicle. Finally, the

separation distance between the lander and backshell
was computed and it was determined that, for this case,
recontact was not an issue, but further analysis is
needed.
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